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SUMMARY
A new procedure is introduced for the optimization of column peak capacity in a given time. The optimization focuses on temperature-programmed operating conditions, notably the initial temperature and hold time, and the programming rate. Based conceptually upon Lagrange functions, experiments were carried out along simplex sequential and central composite design procedures. The validity of the theory was demonstrated by separations of some crude oil distillation fractions.
INTRODUCTION
The separation of complex mixtures in capillary gas chromatography (GC) can be improved by the optimization of a combination of column selectivity and/or efficiency and/or analysis time. The approach to this optimization will greatly depend upon the number of components present in the sample, and upon the differences in polarity and volatility of the sample constituents.
Optimization of the column temperature in isothermal and temperatureprogrammed operation has been studied by many authorsi-15. In this paper the optimization of the peak capacity in temperature-programmed capillary GC in a given time is discussed. This optimization is performed by tuning the initial temperature and hold time, as well as the programming rate in a single-oven GC instrument. The theory is outlined, and its applicability is demonstrated by separations of aliphatic and aromatic crude oil distillation fractions.
THEORETICAL

Optimization criteria
For the exploitation of statistical optimization methods in chromatography, proper criteria are required. Unfortunately, all criteria dealt with up till now'8~'g fail whenever the number of peaks in the chromatogram is not constant during optimization.
For multi-component samples, with more than a few hundred components, optimization of the peak capacity according to Grushka2' can give a significant improvement of the separation. The peak capacity (PC) can be calculated in isothermal as well as temperature-programmed separations2' from
where TZi is the "Trennzahl" or separation number" for the ith pair of adjacent n-alkanes, and m and n are the lowest and highest carbon numbers, respectively, of the n-alkanes in the range considered. The position of any peak in temperature-programmed GC will depend upon the initial temperature, To, and hold time, t o, and the programming rate, r. Therefore, optimization of the peak capacity within a given time can be realized by simultaneous tuning of these parameters.
Fundamental approach
A Lagrange function, F (ref. 22 ) was used for the optimization, so that a time constraint can be included F = PC -A(tR,n -tR,.,max) (2) where ,J = Lagrange multiplier, tR,, = retention time of the last eluting n-alkane of interest and tR,n,,,ax = the required or maximum analysis time.
Because both PC and tR," are functions of To, to and r, the Lagrange function F = VTO, to, r, 2, tR,.,max ). For optimum separation conditions (maximum PC in a given analysis time), F should be maximized. Hence, the partial derivatives of F should be equal to zero: A 4180 gas chromatograph (Carlo Erba, Milan, Italy) with a Grob-type cold on-column injection port and flame ionization detection (FTD) was used. The oven temperature was controlled by a temperature programmer LT 410 (Carlo Erba). Retention times and half height peak widths were measured by a computing integrator C-R3A (Shimadzu, Kyoto, Japan). The capillary column was made of soft soda-lime glass (91 m x 0.3 mm I.D.). The inner wall of the column was etched with gaseous hydrogen chloride at 330°C during 24 h. The stationary phase was coated statically, using a 1% solution of SE-30 in dichloromethane.
Hydrogen was used as the carrier gas at constant inlet pressure; the linear gas velocity was 25 cm/s at 80°C. All calculations were performed on an HP-85B microcomputer connected to a HP 9121 disc drive. A matrix ROM, advanced programming ROM and printer/plotter ROM were used additionally (all from Hewlett-Packard, Palo Alto, CA, U.S.A.). A model mixture was prepared by mixing C&i4 n-alkanes in dichloromethane (10 ng/pl per component).
A sample of light petroleum was dissolved in dichloromethane (1 pg/pl). Aromatic hydrocarbons were isolated from the light petroleum by column liquid chromatography on silica, and successively diluted in dichloromethane
(1 pg//W3. In all cases 1 ~1 was injected into the column.
RESULTS AND DISCUSSION
Assuming a time constraint of 120 min (= fl,n,max), a simplex sequential approach was selected for the optimization of the peak capacity for a crude oil distillation fraction, ranging from n-octane (n-C,) to n-tetradecane (n-Cr4). The range of parameter values to be optimized was chosen between 40 and 230°C for the initial temperature, r,, O-120 min for the initial hold time, to, and &2O"C /min for the programming rate, r. The corresponding interval steps were 1°C 1 min and O.l"C/min, respectively.
The results of this approach are summarized in Table I , where peak capacities calculated from eqn. 1 and measured tetradecane retention times are given for the operating conditions resulting from the simplex procedure. In cases where the time constraint was not met, no retention times or peak capacities for n-Cl4 are given. Obviously, the region of maximum peak capacity within a maximum acceptable retention time is reached at experiment 28. The dependence of the column peak capacity (PC) and the analysis time, tR,n, upon the initial temperature, the time of the initial isothermal temperature and the temperature gradient is described by the following set of quadratic equations22: PC = a0 + alTo + u2r + a& + al,lTg + a2,2r2 + a3,& +
t R.n = b0 t blT0 t h2r t b3tO t bl,lTg t h2,2r2 t b3,3tg t + bl,zTor + hTot0 + bwto The coefficients of these equations were calculated by multiple linear regression analysis. The experimental conditions for this approach, which are given in Table II , were selected by a central composite design around the optimum found by the simplex procedure22. Differences in peak capacity under similar experimental conditions, for instance experiment 28 in Table I and experiment 9 in Table II , are not only caused by random variations in experimental conditions, e.g., column temperatures or temperature programs, etc. or measurements (peak widths, etc.), but also by column ageing. (The  data from Table II were acquired several months after collecting the data in Table I .) The reliability of the PC values in both tables corresponds to a standard deviation of about four units. However, the PC values in Table II are systematically lower than  those in Table I. TABLE II   EXPERIMENTAL  CONDITIONS  AND RESULTS  OF THE CENTRAL  COMPOSITE  DESIGN  AROUND  THE OPTIMUM  DERIVED  BY THE Requiring an analysis time of 120 min, the Lagrande function, eqn. 2, can be expressed as Substituting the a and b coefficients as computed before, these non-linear equations were solved numerically by a Newton methodz4. Due to random experimental errors, causing noisy response surfaces for the optimum operating conditions and the calculated peak capacity, more than one solution can be obtained by this numerical approach. In this particular case, two optima were observed, corresponding to the optimum parameters as shown in Table ITT . The peak capacities in Table III were calculated with eqn. 4. The optimized separation of a crude oil distillation fraction is shown in Fig. 1 . The first set of optimum conditions in Table III was (c$, Experimental), is given in Fig. 2 . Obviously, the number of peaks in the sample considerably exceeds the maximum peak capacity. When the saturated alkanes are removed off-line, prior to GC separation, the approach would be expected to be more efficient, if the optimization had been tuned to the range n-C9 through n-C14. With the latter sample much better results are expected with a more selective stationary phase for aromatics with the same procedure.
CONCLUSIONS
Simplex optimization of the peak capacity within a given analysis time can be used for a first approximation. Fine tuning by a (1Cpoint) central composite design around this optimum yields the conditions for (at least 10) experiments, needed to compute the 20 coefficients of the Lagrange function used. After insertion of the required analysis time, this function can then be solved numerically to yield the experimental conditions leading to the maximum peak capacity in the given time. From the experimental results of this particular study, it is not evident that the Lagrange method yields better results than the simplex method. Whether it is necessary to apply a simplex procedure prior to a central composite design is a subject of further investigation.
